Abstract: Most cancer therapeutics (chemo, radiation, antibody-based, anti-angiogenic) are at best partially and/or temporarily effective. In general, the causes for failure can be summarized as: (i) poor diffusion and/or nonuniform distribution of drug/prodrug molecules in solid tumors; (ii) high drug concentration and retention in normal tissues (leading to side effects); (iii) requirement for plasma-membrane permeability and/or internalization of drug/prodrug molecules; (iv) low uptake of drug by tumor; (v) lack of retention of drug within tumor (most have gradient-driven reversible binding); and (vi) multidrug resistance. We are developing an innovative technology that aims to surmount these problems by actively concentrating and permanently entrapping radioimaging and radiotherapeutic prodrugs specifically within solid tumors. The approach will enable noninvasive sensing (imaging) and effective therapy of solid tumors, allowing tumor detection, diagnosis, and treatment to be closely coupled (personalized medicine).
Introduction
We are developing an innovative technology that aims to actively concentrate and permanently entrap radioimaging and radiotherapeutic prodrugs (RIPD and RTPD, respectively) specifically within solid tumors. The approach, which we have named Enzyme-Mediated Cancer Imaging and Therapy (EMCIT), is a method for extracellular enzyme-dependent, tumor-specific, in vivo hydrolysis of watersoluble RIPD/RTPD to water-insoluble precipitating entities that are entrapped within solid tumors [1] [2] [3] [4] [5] [6] [7] [8] . This paper will summarize our recent findings and discuss some of the advantages of targeting radioactive prodrugs to solid tumors.
Over the past 30 years, the number of cancer deaths has doubled and now exceeds 500,000 per year. Although major advances have taken place in radiation therapy, surgery, and the systemic treatment of cancer, one in three people living in the USA will develop cancer and one in five of these will die of the disease. It is evident that the development of technologies that enable noninvasive detection and therapy of solid tumors, especially at the earliest time points, is highly desirable and will be beneficial. Such technologies will: (i) move meaningful intervention to a much earlier point in the path of tumor progression, thereby forestalling the development of metastatic disease; (ii) minimize patient inconvenience and incapacitation; and (iii) allow tumor detection, diagnosis, and treatment to be closely coupled.
One strategy for providing substantial increases in the clinical efficacy of agents that preferentially kill tumor cells is the use of a relatively nontoxic molecule (prodrug) that can be activated selectively to a toxic analog within solid tumors. Prodrugs are generally defined as chemicals that are transformed after administration, either by metabolism or spontaneous chemical breakdown, to pharmacologically active species (drugs). Chemotherapeutic prodrugs have at least four major intrinsic weakness: (i) the pharmaceutical must distribute uniformly within the entire solid tumor mass; (ii) being nonradioactive, therapeutic concentrations of these molecules must be delivered to each tumor cell; (iii) upon conversion to drugs, the molecules must have the capacity to permeate into the targeted cells; and (iv) the drug molecules are likely to diffuse out of the targeted tumor and, therefore, to kill nontargeted normal cells. In the EMCIT approach, a water-soluble RIPD/RTPD is hydrolyzed to a highly waterinsoluble form (i.e., a precipitate) by enzymes that are specifically overexpressed within the extracellular spaces of solid tumors and minimally expressed within normal tissues ( Figure 1 ). We anticipate that the administration of RIPDs and RTPDs will lead to the specific in vivo entrapment of radioactivity within the extracellular matrix/space of solid tumors and, therefore, will be useful in the noninvasive radiodetection ( 123 I/ 124 I/ 131 I) and radiotherapy ( 131 I) of primary tumors and their metastases. We expect the EMCIT technology will overcome the major limitations of chemotherapeutic prodrugs mentioned above, since RTPDs (i) do not need to be uniformly distributed within solid tumors in order to be therapeutically efficacious (due to cross-fire irradiation consequent to the long range of the β-particles emitted by the decaying isotope) [9] ; (ii) are permanently retained within the extracellular space of solid tumors following their hydrolysis and precipitation (no efflux from within the tumor mass and, therefore, minimal side effects); (iii) do not need to permeate their targeted tumor cells to be therapeutic; and (iv) are negatively charged and not internalized by cells (protected from intracellular hydrolases and from the complications associated with multidrug resistance).
To fulfill the promise of EMCIT technology, we took advantage of: (i) the wealth of information that is being generated as a consequence of major advances in the understanding of the genetic basis of cancer, including changes in the genome and the expressed products of the genome; (ii) the ability to mine effectively and methodically various databases for specific tumor-cell signatures, such as hydrolytic enzymes specifically overexpressed extracellularly by human tumor cells; (iii) recent advances in computer-assisted molecular modeling that can help (a) identify and characterize the active site(s) of biologically active molecules, such as hydrolytic enzymes, (b) define pharmacophores whose atoms/centers interact with and bind to the bioactive site(s) of the identified enzymes, and (c) identify and design chemical structures that have the physical, chemical, and biologic characteristics necessary for the development of RIPDs and RTPDs. This review summarizes our in silico datamining work and some of the radioiodinated prodrugs synthesized and tested in vitro and in vivo. 
Data Mining
Recent advances in genomics and associated high throughput technologies have resulted in the exponential growth of biologic databases. Deriving biologic insights from these unprecedented quantities of data is challenging. In recent years, data mining and tools for retrieval of information have made considerable progress. However, several problems persist: (i) inefficient search engines associated with databases; (ii) incorrect or incomplete annotations of entities; (iii) constant need for annotation updates and for query-tool improvements; and (iv) complexity of the biologic phenomena and biologic systems. Moreover, various databases and their associated tools provide information at different levels of reliability and accuracy [10] .
We recently formulated a systematic strategy for data mining that aims to address the abovementioned problems [4] . It is based on searching the major gene/protein sequence/structure/motif repositories and available knowledge bases with user-defined criteria that lead to the detection of cancer-specific enzymes with hydrolytic activities, overexpressed in the extracellular space of solid tumor cells. In the first phase of our studies, the intent was the development of facile and reliable datamining approaches that enable the identification of extracellular hydrolases suited for the EMCIT technology. Specifically, our sequence of procedures explored PubMed abstracts [11] , gene/protein databases -UniProt [12] and NCBI Entrez Gene [13] , and state-of-the-art pathway knowledge bases -IT.Omics LSGraph ® [14] and Ingenuity ® Systems, Ingenuity Pathway Analysis (IPA) [15] . Our efforts led to the development of a unique data-mining approach [4] that enabled the identification of hydrolases overexpressed extracellularly by human tumors (e.g., breast, colon, lung, ovary, pancreas, and prostate). Among the various human cancer-specific hydrolases identified (~30 per cancer type, e.g., phosphatases, peptidases, sulfatases, and metalloproteinases), the plasma membrane tethered alkaline phosphatase (AP) and the secreted prostatic acid phosphatase (PAP) were selected for further studies since: (i) both are known to be minimally expressed by most normal cells and to be overexpressed by many tumor cells, and (ii) in tumor-bearing mice and in cancer patients, APexpressing tumors have been targeted and imaged successfully with radiolabeled anti-AP antibodies [16] [17] [18] [19] .
In Silico Molecular Modeling Studies
The second phase of our work was aimed at the in silico characterization of the binding pocket of the hydrolases identified through data mining, definition of possible pharmacophores and examination of their interactive mode with both enzymes, and systematic performance of three-dimensional, quantitative structure-activity relationship analysis. We describe herein our findings with AP, an enzyme that: (i) is overexpressed on the cell surface; and (ii) is involved in cancer. This enzyme was also chosen since the Protein Data Bank search afforded a total of 40 matches of available structure models of AP or AP−substrate/AP−inhibitor complexes, including a high resolution structure of the human placental alkaline phosphatase isoform (PLAP) determined at 1.8 Å resolution (PDB code 1EW2) [20] .
Our in silico studies indicated that the active site of PLAP involves various amino acids, metals, and a phosphate. The structure also suggests that there is a hydrophillic pocket in the active site and that the phosphate-PLAP interaction involves Glu429 and Arg166. The participation of these two amino acids allows precise description of this pocket, which probably stabilizes the hydrophilic moiety of the substrate. Located at the entrance of the cleft that leads to the active site, Glu429 borders a pocket that extends from the catalytic Ser92 to the tightly bound phosphoryloxy moiety within the iodoquinazolinone substrate (Figure 1 ). In addition, several water molecules are located within the active site, and they form an extensive hydrogen-bonding network. Moreover, the three metals, two Zn 2+ (referred as Zn1 and Zn2) and one Mg 2+ are close in space: d(Zn1-Zn2) = 4.02 Å, d(Zn2-Mg) = 4.76 Å, and d(Zn1-Mg) = 7.00 Å. The amino acid residues (especially catalytic Ser92) and the metal triplet (especially Zn1) are the core of the active site, which has been shown to participate in PLAPmediated hydrolysis of phosphoryloxy groups [21] . 2-(2'-Phosphoryloxyphenyl)-6-iodo-4-(3H)-quinazolinone (IQ 2-P ) is a relatively flexible molecule in which two rings, the quinazolinone moiety and the benzene ring, are joined via a single rotatable C-C bond ( Figure 1 ). The phosphorus group is also quite free since it is connected with the benzene ring through a single P-O-C bond. Along the PLAP active site, the quinazolinone moiety packs in the upper cleft of the binding pocket, and the iodine atom poses against the pocket ( Figure 2 ). In order to be positioned in the middle of the binding pocket, the benzene ring adopts non-coplanar conformation with the quinazolinone ring. The phosphorus group of IQ 2-P twists slightly to allow itself to drop completely into the bottom of the binding pocket and forms a number of H-bonds with amino acid residues in the active site. Most important, the phosphorus group of IQ 2-P has hydrogen bonding with the catalytic amino acid Ser92, indicating that the molecule can be easily dephosphorylated. After IQ 2-P was docked into PLAP, the free binding energy (∆G) and inhibition constant (K i ) of its lowest energy poses with PLAP were calculated, both predictions derived from the AutoDock algorithm. Among the derivatives examined, the binding affinity of this analog was most favorable (Table 1) , i.e., very likely to lead to AP-mediated dephosphorylation. We also docked IQ 2-P into human PAP. This hydrolase possesses protein tyrosine phosphatase activity and is known to be secreted as a glycosylated homodimer in the seminal fluid of the prostate gland [22] . Like most phosphomonoesterases, it hydrolyzes a wide spectrum of substrates, including alkyl, aryl, and other phosphate derivatives [22, 23] . In this case, the phosphorus atom is at a favorable distance for nucleophile attack by His12, leading to the dephosphorylation of IQ 2-P , in agreement with the theoretical axial attack of P by this nucleophile [24, 25] . The iodine atom of the quinazolinone points outward from the active site and does not hinder the binding to PAP. Moreover, the position of IQ 2-P results in 11 hydrogen bonds and highly favorable binding free energy (-13.39 kcal/mol) thereby indicating that this molecule should also be an excellent substrate for PAP. [5] [6] [7] We have utilized traditional approaches for the synthesis and characterization of several 2-(2'-hydroxyphenyl)-4-(3H)-quinazolinone (Q 2-OH ) and ammonium 2-(2'-phosphoryloxyphenyl)-4-(3H)-quinazolinone (Q 2-P ) derivatives.
Synthesis, Radioiodination, and Characterization of Q 2-P Derivatives

Water Solubility of Iodinated Q 2-P and Q 2-OH Derivatives
Since the EMCIT technology depends on the conversion of a water-soluble, phosphorylated quinazolinone analog to a highly water-insoluble, dephosphorylated analog, the solubilities of these molecules in water have been determined. These experiments ( Table 2 within Figure 3) show that the dephosphorylation of the Q 2-P analogs, i.e., the formation of corresponding Q 2-OH derivatives, leads to a >10 6 -fold reduction in the water solubility of these compounds (from ~2-8 mg/mL to ~1-10 ng/mL). 
AP-and PAP-Dependent Conversion of Iodoquinazolinone Derivatives
When the nonfluorescent and water-soluble phosphoryloxyphenyl-iodoquinazolinone analogs (IQ P ) are incubated with AP or PAP and the kinetics of hydrolysis are followed, a rapid increase in fluorescence intensity is seen, demonstrating the hydrolysis of IQ P and the formation of hydroxyphenyl-iodoquinazolinone analogs (IQ OH ). Similarly, the incubation of 125 IQ P with either phosphatase (pH 7.4) leads to the quantitative (>98%) hydrolysis of these analogs and the appearance of IQ OH . Phosphatases, such as AP and PAP, are often elevated in the sera of patients with cancer and certain other diseases. However, the minimal AP and PAP concentrations needed to hydrolyze 125 IQ 2-P are higher than those reported in the blood of patients with various cancers. Consequently, such radioiodinated quinazolinone derivatives are not expected to be hydrolyzed by phosphatases present in the circulation after their intravenous (i.v.) injection into cancer patients. Until recently, it was assumed that the intracellular pH (pH i ) of tumor cells is acidic. However, it has become apparent that the pH i of tumors is in fact either neutral or slightly alkaline [26, 27] , whereas the extracellular pH (pH e ) is acidic [28] . On the other hand, the pH i and pH e of normal tissues are neutral. Consequently, extracellular proteins, such as secreted PAP and glycophosphotidylinositolanchored AP, as well as therapeutic molecules unable to permeate into cells, such as IQ P analogs, are exposed to the acidic environment of solid tumor masses and the neutral milieu of normal tissues. As the optimum pH for AP is >9 and that for PAP for many substrates is ~6, it was essential to assess the effect of pH on the hydrolysis of IQ P . Our studies, in which 125 IQ P was incubated in buffers (pH [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] containing AP and PAP, show that dephosphorylation for both hydrolases occurs most efficiently at a pH of ~6 (Figure 4) . Consequently, iodoquinazolinone analogs are expected to be more readily hydrolyzed within the extracellular spaces of solid tumor compared with normal tissues consequent to the lower pH e of tumors as well as the overexpression of AP and PAP in various tumors.
In Vitro and In Vivo Studies
Hydrolysis of IQ 2-P by Mammalian Cells [3, [5] [6] [7] 2-(2'-Phosphoryloxyphenyl)-6-iodo-4-(3H)-quinazolinone (IQ 2-P ) is a negatively charged molecule that is not internalized by mammalian cells. Since many tumors are known to overexpress phosphatases [29] [30] [31] [32] [33] [34] [35] [36] [37] , we examined the ability of various viable human and mouse tumor cell linesgrown in vitro or in vivo -to hydrolyze the nonfluorescent and water-soluble, iodinated Q 2-P derivatives (IQ 2-P , IQ 2-P,5-Cl , and ClQ 2-P,5-I ) to the fluorescent and water-insoluble iodinated Q 2-OH analogs. The data demonstrate that all such iodoquinazolinone derivatives are readily dephosphorylated by human tumor cells ( Figure 5 ) and various mouse tissues and are not dephosphorylated by viable normal mammary and prostate cells [3, [5] [6] [7] . However, both the size and intensity of the fluorescent crystals formed vary greatly (IQ 2-OH >IQ 2-OH,5-Cl >ClQ 2-OH,5-I ). It is difficult to predict the influence of such interplay of variables on the in vivo mediated, tumor-induced hydrolysis of iodinated Q 2-P derivatives, especially since similar ∆G were obtained in silico for all these derivatives. Finally, we found that most of these extracellular crystals (>98%) are washed away when the cells are rinsed, but that a few crystals are always seen irreversibly bound to the tumor cells ( Figure 5, lower row) . This however, should not impact the entrapment of these very large (~5-30 µm) crystals within the permanent extracellular environment of solid tumors. various pH values, indicating that dephosphorylation is favored at lower pH. 
PAP
As mentioned above, the extracellular pH of solid tumors is somewhat acidic (~6.5). Consequently, it was essential to ascertain that the iodinated Q 2-P derivatives are hydrolyzed by tumor cells when the extracellular pH is acidic. Therefore, viable human pancreatic tumor cells (T3M4) were incubated with IQ 2-P in media whose pH had been pre-adjusted to 6.5, 7.0, and 7.4. Such experiments indicate that lowering the pH leads to the earlier appearance of many more fluorescent IQ 2-OH crystals ( Figure 6 ). Taken together with our results showing that AP-and PAP-mediated dephosphorylation occurs most efficiently at acidic pH (Figure 4) , we expect that iodinated Q 2-P analogs -upon administration to tumor-bearing animals -will be more readily and efficiently hydrolyzed within the extracellular tumor than in the normal tissue environment. 
Specific Localization of IQ 2-P in AP-Rich Regions and Entrapment of IQ 2-OH within Tissues
For EMCIT to succeed, it is essential to demonstrate the site-specific hydrolysis of the watersoluble iodinated phosphoquinazolinone derivatives to their water-insoluble analogs in AP-rich regions within an animal. In one study, we injected mice subcutaneously (s.c.) with either AP or inactivated AP and then administered i.v.
125 IQ 2-P . When the radioactivity in the injected forelimb was measured, it became clear that it was proportional to the amount of AP present (~4% injected dose per gram forelimb). That these increases are due to the enzymatic action of AP is ascertained by the absence of radioactive uptake in the forelimb of mice pre-injected with inactivated AP [2] . The findings illustrate the specific dose-dependent accumulation of IQ 2-P (more accurately IQ 2-OH ) within AP-containing sites in an animal. Another foundation upon which the success of the EMCIT technology depends is the permanent retention of radioactivity within the tissue following radioiodinated prodrug hydrolysis. 
(T/NT) Ratios
In one of our studies [3] , nude rats bearing palpable s.c. human TE671 rhabdomyosarcoma tumors (a human tumor-cell line that rapidly and efficiently hydrolyzes IQ 2-P to IQ 2-OH in vitro) were injected intratumorally or intramuscularly (thigh) with HPLC-purified 125 IQ 2-P (>99% purity) and were killed one day later. The radioactivity within the tumors, blood, injected muscle, and contralateral muscle was then determined. The findings demonstrate that ~70% of the injected dose is retained within the injected tumors and only 1% is found within the injected muscle (i.e., 70-fold difference). These results, which also show that the radioactive content of the blood and contralateral muscle is very low, indicate that very high tumor-to-blood (~700) and tumor-to-muscle (~7,000) ratios can be achieved upon the in vivo hydrolysis of these quinazolinone derivatives. In mice bearing intraperitoneal (i.p.) human OVCAR-3 ovarian tumors, the i.p. injection of 125 IQ 2-P leads to moderate T/NT ratios ( Figure   7 ). 
Conclusions
We have been developing a novel proprietary technology (EMCIT) that aims to concentrate radioimaging and radiotherapeutic compounds within solid tumors. The approach is a method for extracellular enzyme-dependent, tumor-specific, in vivo hydrolysis of water-soluble compounds to water-insoluble precipitating entities that are entrapped within solid tumors. Toward these ends, we have: (i) used data mining to identify enzymes overexpressed extracellularly by various human tumors; (ii) employed in silico methods to characterize the active site and binding pocket of the identified enzyme(s); and (iii) defined possible pharmacophores, examined in silico their interactive mode with the enzyme(s), and performed three-dimensional quantitative structure-activity relationship analysis. These studies have led to the determination that the hydrolytic enzymes (e.g., AP, PAP) are overexpressed extracellularly by various human tumor-cell types, and to the identification and synthesis of several iodinated (e.g., 123 
